Chlamydia trachomatis sexually transmitted infections cause considerable morbidity and socioeconomic burden worldwide, despite significant advances in our understanding of the biology (29, 31, 57) , pathogenesis (11, 83, 117) , genomics (94) , and epidemiology (91) of this parasite. Chlamydial urogenital tract infections are readily cured with antibiotics, but control measures based on antimicrobial chemotherapy alone are hampered by the frequency of asymptomatic infections and delayed diagnosis (9) . Definitive control of C. trachomatis sexually transmitted diseases (STDs) is possible through the development of a safe and efficacious vaccine (24) . Progress toward the development of an effective vaccine has been disappointingly modest, as it has been for vaccines to other sexually transmitted pathogens that infect the genital tract mucosae. The strict tropism for mucosal epithelial cells, the complex biology and antigenic structure, and the predilection to cause persistent infection have presented formidable challenges to chlamydial vaccine development. A heightened understanding of protective immunity to C. trachomatis urogenital infection has emerged in the past decade from studies using a mouse model of chlamydial genital tract infection. The insights are of considerable interest because they offer promise for the development of an efficacious chlamydial vaccine. This review focuses on that progress and summarizes the current understanding of protective immune mechanisms that function against murine chlamydial urogenital infection. We also discuss specific requirements for a vaccine to protect against chlamydial STDs and the challenges presently confronting us in achieving that goal.
C. TRACHOMATIS AND SEXUALLY TRANSMITTED DISEASE
The genus Chlamydia comprises a group of obligate intracellular bacterial pathogens that are characterized by a unique biphasic developmental cycle (29) . Infection is initiated by the attachment of the small (200 nm), infectious, metabolically inert elementary body (EB), which subsequently enters cells within a membrane-bound vesicle. The endocytosed, vesiclebound EB (termed an inclusion) evades fusion with host lysosomes and rapidly differentiates into a metabolically active reticulate body (RB) that replicates by binary fission within the protected environment of the nonfusogenic inclusion. Following several rounds of cell division, the RBs reorganize and form infectious EBs. This process involves histone-mediated condensation of genomic DNA and disulfide-mediated crosslinking of chlamydial outer membrane proteins (29) .
There are four commonly recognized species of Chlamydia: C. trachomatis, C. psittaci, C. pneumoniae, and C. pecorum. C. psittaci and C. pecorum are pathogens of birds and lower animals, with humans being only ancillary hosts. C. pneumoniae and C. trachomatis are human pathogens. C. pneumoniae causes acute respiratory infections and has been associated with cardiovascular disease (28) . C. trachomatis is a strict pathogen of oculogenital epithelial cells. It is the etiologic agent of trachoma and is the leading cause of bacterial STDs worldwide (111, 118) . C. trachomatis isolates consist of 15 major serovariants and the closely related murine strain designated MoPn (for mouse pneumonitis), which was recently reclassified as C. muridarum (26) . Serovars A, B, Ba, and C cause trachoma, and serovars D to K and L1 to L3 cause sexually transmitted infections. Serovars L1, L2, and L3 cause lymphogranuloma venereum (LGV), whereas serovars D to K cause cervicitis, urethritis, and the associated complications of more severe disease such as endometritis, salpingitis, and pelvic inflammatory disease (PID) in women. The LGV strains are biologically and pathologically distinct from the D to K serovars.
LGV strains transiently infect epithelial cells and then invade the submucosae to infect macrophages, which facilitates the dissemination of the infection to regional draining lymph nodes (91) . In contrast, serovars D to K are noninvasive, causing infection and disease that are restricted to the urogenital mucosae. It is estimated by the World Health Organization that 90 million of the 500 million new cases of STDs per year are caused by C. trachomatis serovars D to K (118) . In the United States, approximately 4 million new cases of chlamydial STDs are reported annually, and costs associated with management of these infections and associated complications exceed $2 billion (41). Moreover, chlamydial infection is associated with an increased risk of human immunodeficiency virusrelated AIDS and cervical dysplasia, thereby heightening demand for development of more effective prevention measures (2, 66) .
Females are particularly at risk because of their propensity to develop postinfection complications, and it is for this population that preventive measures are urgently needed. Approaches presently being studied for the management and control of chlamydial STDs in females include (i) behavioral intervention; (ii) enhanced surveillance, rapid diagnosis, and early antimicrobial treatment; (iii) topical microbicides; and (iv) immune intervention. Each of these approaches has merit and is capable of limiting infection transmission or reducing infection-related complications. However, sustained control will be achieved only by the development of an effective vaccine. The development of an efficacious vaccine against C. trachomatis genital tract infection will be facilitated by the use of animal models that closely mimic human infection and that are suitable for comprehensive immunological analyses and vaccine testing.
MURINE MODEL OF C. TRACHOMATIS GENITAL TRACT INFECTION
Genital tract infection of mice with C. trachomatis (MoPn) closely mimics, in many aspects, acute genital tract infection of women. Intravaginal inoculation produces a self-limiting infection that originates in the vaginal epithelium and ascends along the epithelial surface of the uterine horns and oviducts (61) . Mice naturally resolve infection without antimicrobial chemotherapy in approximately 4 weeks and develop long-lived adaptive immunity that protects against reinfection ( Fig. 1) (4, 61) . The initial inflammatory response elicited by infection is characterized by a marked mucosal and submucosal infiltration of polymorphonuclear neutrophils. Lymphocytes and macrophages infiltrate the submucosae as infection resolves (Fig. 2 ) (61, 62, 99) . Infiltrating lymphocyte subpopulations include B cells, CD4
ϩ T cells and CD8 ϩ T cells (Fig. 3 ) (62) . CD4 ϩ T cells predominate throughout the course of infection (49, 62) and small clusters of CD4 ϩ T cells remain scattered throughout the genital tract submucosae following the resolution of infection (44, 62) . Infection is confined to the genital tract mucosal epithelium (Fig. 2D) (61) .
Typically, Ͼ60% of mice that resolve primary infection are resistant to reinfection with the homologous chlamydial strain and mice that are reinfected have secondary infections that are significantly shorter (7 versus 35 days) and shed far fewer infectious bacteria (Ͼ10 5 reduction in bacterial shedding) ( Fig.  1) (61, 99) . Mice that are infected following rechallenge have a mild transient inflammatory response, which is restricted to the lower genital tract. Hydrosalpinx accompanied by infertility, a complication of infection that is also observed in humans, is a common postinfection sequela (23, 61, 105, 106) . Also analogous to human infection are the differences in the course of infection, antichlamydial immune responses, and disease pathology that are exhibited upon infection of different strains of mice (20, 22, 23) . Thus, the pathogenesis of murine C. trachomatis genital tract infection is remarkably similar to acute infection of the human female genital tract. This similarity in pathogenesis and the strong adaptive immune response generated following the resolution of infection establish the usefulness of the model for the study of protective immunity and vaccine development. A caveat of the model is that the MoPn strain is not a naturally occurring human pathogen. The genomes of MoPn and serovar D (human isolate) are remarkably similar in gene content and order (87, 95) , except for a region termed the plasticity zone (87) . However, even within this region of genetic variation, similarity in putative virulence factors between MoPn and serovar D have been described (8) . This high degree of genetic relatedness implies that the strains share common virulence and pathogenic mechanisms and that the antigens recognized by the protective arm of the immune response would be similar or perhaps identical.
Strains of human serovars have been used in the murine genital tract model. Intravaginal inoculation with human serovars typically produces a mild genital tract infection of short duration (77) characterized by low bacterial burdens, minimal submucosal inflammation, and the absence of postinfection sequelae (tubal occlusion, hydrosalpinx, and infertility). In fact, human strains cause postinfection sequelae only following the inoculation of large doses of chlamydiae directly into the uterine horns or ovarian bursa (113, 114) . The more invasive LGV strains have also been used in the mouse model. However, infections are only established by intravenous or intraperitoneal inoculation and not following intravaginal challenge. Parenteral inoculation produces infection of reticuloendothelial organs such as the spleen and liver (12) , with macrophages, not epithelial cells, as the primary cell target. Thus, immunological findings bearing on mechanisms of host immunity and vaccine efficacy that employ LGV strains could differ significantly from results obtained from infections restricted to the genital mucosae. Although not a full mimic of human infection and disease, infection of the mouse female genital tract with the MoPn strain is presently the best model to study immunity to chlamydial genital tract infection. For these reasons, we will focus our discussion on adaptive immunity to results obtained with the MoPn infection model.
ADAPTIVE IMMUNITY
Three experimental approaches have been used to comprehensively characterize the immunological basis of protective immunity in the murine genital tract infection model, including (i) adoptive transfer of immune lymphocyte populations to naïve mice, (ii) in vivo depletion of specific lymphocyte populations, and (iii) infection of gene knockout mice ( Table 1) .
The importance of cell-mediated immunity in immune protection against chlamydial genital tract infection was first demonstrated with T-cell-deficient athymic (nude) mice and mice depleted of CD4 ϩ T cells (54, 85) . Subsequently, it was demonstrated that adoptive transfer of polyclonal CD4 ϩ T cells, obtained from postinfection immune mice, confers significant protection to naïve mice, whereas transfer of immune CD8 ϩ T cells does not (98) . Chlamydiae-specific CD4 ϩ -or CD8 ϩ -Tcell lines and clones also impart partial protection to naïve recipient mice; however, the magnitude of protection conferred by CD4 ϩ T cells is markedly superior to that by CD8 ϩ T cells (35, 39, 81, 93) . Collectively, many lines of evidence strongly implicate CD4 ϩ T cells as an important lymphocyte subset in mediating antichlamydial immunity.
More recently, chlamydial genital tract infection has been studied with gene knockout mice that have a broad spectrum of well-characterized immunodeficiencies ( Table 1) . Clearance of primary infection and, when possible, resistance to reinfection have been evaluated in mice with deficiencies in B or T cells, major histocompatibility complex (MHC) class I or class II molecules, T-cell cytokines, molecules that elicit T-cell cytolytic effector functions, and lymphocyte trafficking and adhesion molecules. Importantly, only T-cell receptor ␣␤ and MHC class II deficiencies render mice incapable of resolving genital tract infections (61, 73) . Conversely, the resolution of primary infection in ␤ 2 -microglobulin gene knockout mice (i.e., CD8
ϩ -T-cell deficient) and MT gene knockout mice (i.e., B-cell deficient) is equivalent to that of immunocompetent wild-type mice (43, 45, 61, 99) . Hence, neither B cells, antibodies, nor ϩ -T-cell-deficient mice remain solidly protected following rechallenge (61) , whereas B-cell-deficient mice are uniformly susceptible to reinfection and exhibit delayed clearance of chlamydiae (99) , implicating a functional role for B cells in adaptive recall immunity. Thus, B cells play an important but undefined effector function in resistance to reinfection. The role of B cells in recall immunity will be addressed in more detail below.
Chlamydial immunity has also been evaluated in mice that are deficient in cytokines, cytokine receptors, or molecules critical to lymphocyte cytolytic effector function. Mice depleted of interleukin-12 (IL-12) or gamma interferon (IFN-␥) or genetically deficient in IFN-␥ or the IFN-␥ receptor have a marked inability to eradicate primary infection (19, 42, 44, 73, 77, 84) . In contrast, tumor necrosis factor alpha (TNF-␣) depletion or TNF receptor or IL-6 deficiency has minimal or no measurable effect on the ability of mice to resolve primary infection or resist secondary rechallenge (21, 74, 77) . These results clearly demonstrate the importance of T-helper type 1 (Th1) immunity in resistance to chlamydial infection and correlate with other investigations that describe a predominance of Th1 immune responses in the genital tract tissues of chlamydiae-infected mice (15, 73, 76, 77) . To investigate the role of cytotoxic T cells in antichlamydial immunity, infection has been studied in mice genetically deficient in perforin, Fas, or Fas ligand or in double-knockout mice deficient in both perforin and Fas ligand (75) . Independently or in combination, these deficiencies severely compromise antigen specific CD8
ϩ -T-cell-mediated cytotoxicity or apoptosis or CD4
ϩ -T-cell-mediated apoptosis (46) . Interestingly, mice deficient in cytolytic effector functions clear primary chlamydial infections with kinetics nearly identical to those of wild-type control mice and are resistant to reinfection upon rechallenge (75) . These findings, together with the results from CD8-deficient mice described above, present indisputable evidence against an effector function for cytolytic T cells in the eradication and control of chlamydial infection of the murine urogenital epithelium. Conversely, the findings support a key effector function for an IL-12-dependent, CD4
ϩ Th1, IFN-␥-mediated immunity in the clearance of chlamydial genital tract infection.
As noted above, B-cell-deficient mice have an increase in colonization frequency and tend to shed greater numbers of infectious organisms than B-cell-competent mice following rechallenge (99) . These findings suggested that B cells play a more critical role in immunity to secondary infection than previously thought and prompted us to conduct experiments that would more clearly disclose the roles of B cells and CD4 ϩ T cells in recall immunity (63, 64) . We showed that immune wild-type mice depleted of CD4 ϩ T cells before secondary challenge develop an infection of longer duration and shed greater numbers of bacteria than non-CD4-depleted control mice (Fig. 4A) (64) ; however, infection resolves by about 3 weeks even in the absence of CD4 ϩ T cells (64) . In contrast, immune B-cell-deficient mice depleted of CD4 ϩ T cells before rechallenge are incapable of resolving secondary infection until CD4 ϩ T cells are allowed to repopulate, and infection is characterized by a level of bacterial shedding comparable to that observed in primary infection of naïve animals ( Fig. 4B) (64) . CD8 ϩ T cells are inconsequential in recall immunity, since the infection that follows secondary rechallenge of CD8-depleted wild-type or CD8-depleted B-cell-deficient mice is not appreciably different from that in nondepleted mice (64) . Therefore, both function independently or cooperatively to generate this important aspect of the host immune response.
EFFECTOR MECHANISMS OF THE ADAPTIVE IMMUNE RESPONSE CD4
؉ T cells. Cellular cytotoxicity and cytokine-mediated functions are two possible effector mechanisms that may participate in the CD4 ϩ Th1 immune response that is absolutely required for host resistance to chlamydial genital tract infection. Cytolysis of infected cells via the Fas-Fas ligand apoptotic pathway is not critical for protective immunity, however, since mice deficient in that pathway resolve genital tract infection like immunocompetent mice (75) . Conversely, the Th1 cytokine IFN-␥ is essential for optimal clearance of infection from genital tract tissue (19, 42, 44, 73, 77) . The effector role for IFN-␥ in mediating chlamydial clearance is not known but could include both immunoregulatory and nonregulatory functions. An immunoregulatory function for IFN-␥-producing CD4 ϩ Th1 cells is in the activation of antigen-specific cytotoxic CD8 ϩ T cells. That mechanism seems unlikely, however, because CD8 ϩ T cells are not required for immunity (61, 63, 64, 98) . A direct role for IFN-␥ in eradicating chlamydiae from the urogenital epithelium therefore seems more likely. In theory, the mechanisms by which IFN-␥ could inhibit chlamydial intracellular growth are numerous, due to its pleomorphic effects on host cell function (10). The two IFN-␥-inducible host cell functions that have received the majority of attention in studies of chlamydial immunity are the induction of inducible nitric oxide synthase and of tryptophan-decyclizing enzyme indoleamine 2,3-dioxygenase (14, 34, 40) . The production of bactericidal nitric oxide free radicals is not a plausible mechanism because mice genetically deficient in inducible nitric oxide synthase resolve both primary and secondary chlamydial infections with kinetics similar to those of wild-type mice (Table 1) (37, 74, 80) . Conversely, the depletion of intracellular tryptophan pools by indoleamine 2,3-dioxygenase is inhibitory to chlamydial growth due to the parasite's tryptophan auxotrophy (1, 6, 7, 14, 30, 48, 60, 90) . The MoPn and human strains of C. trachomatis exhibit differences in susceptibility to the growth-inhibiting effects of IFN-␥. Human strains are generally more susceptible to the inhibitory effects of IFN-␥ both in vitro and in vivo (60, 77) . The biological basis for this difference is not understood but may represent differences in the mechanism(s) by which IFN-␥ inhibits intracellular growth of murine and human strains. Regardless of this difference, the sensitivity of human strains to IFN-␥ indicates that stimulation of mucosal IFN-␥ Th1 responses is a desirable goal for a human antichlamydial vaccine. B cells and antibodies. The role of CD4 ϩ T cells and B cells in protective recall immunity to chlamydial genital tract infection is unequivocal (Fig. 4) . Understanding the interplay between those cell populations in orchestrating this potent level of adaptive immunity is critically important to vaccine development. How B cells and/or antibodies contribute to adaptive immunity to chlamydial genital tract infection is not understood, but several mechanisms can be proposed that invoke both direct and indirect effector mechanisms. B cells may function independently of cell-mediated immunity by secreting antibodies that neutralize chlamydial infectivity and reduce genital tract colonization by blocking chlamydial attachment to epithelial cells. This protective mechanism is supported by in vitro studies showing that antibodies to the chlamydial major outer membrane protein (MOMP) block attachment, and subsequent infectivity, of chlamydiae to epithelial cells (70, 72, 78, 122, 123) . A role for neutralizing antibody in vivo is also suggested by studies demonstrating that mice deficient in antibody are less resistant to reinfection than mice with local (genital tract) antichlamydial antibody (99) . The killing of opsonized chlamydiae by professional phagocytic cells is also a potential protective mechanism. However, that mechanism may be more important in preventing dissemination of chlamydiae to distant sites rather than resolving infection of the mucosal epithelium. Antibody might also contribute to the resolution of intracellular infection by an antibody-dependent cellular cytotoxicity (ADCC) mechanism. The potential role for an ADCC mechanism in immunity to chlamydial infection is supported by recent studies using Fc receptor-deficient mice (59) . Further support for ADCC comes from studies demonstrating that an immunoglobulin A (IgA)-dependent CD4 ϩ -T-cell ADCC mechanism functions in immunity to other intracellular bacterial pathogens such as Salmonella and Shigella (107) (108) (109) (110) . Several laboratories have also detected chlamydial antigens on the surfaces of infected cells (47, 88, 97, 119) which could function as immune targets for ADCC.
In addition to the direct effector functions of antibody, B cells could also participate in an antibody-independent manner in secondary recall immunity. For example, B cells are important antigen-presenting cells in the recall of memory Th cells and function by promoting the clonal expansion of high frequencies of antigen-specific memory Th cells (55, 115) . Therefore, defining the mechanism(s) by which B cells contribute to recall adaptive immunity and the chlamydial antigen(s) recognized by B cells is a challenge of utmost importance. Understanding the role of B cells in adaptive chlamydial immunity will likely be key to the design of a vaccine that is capable of inducing optimal priming and recall of protective antigen-specific CD4 ϩ Th1 responses.
CD8
؉ cytotoxic T cells. The obligate intracellular lifestyle of chlamydiae intuitively predicts that antigen-specific MHC-restricted CD8
ϩ -T-cell cytolysis would be an important effector function in antichlamydial immunity. However, that premise is not supported by studies utilizing adoptive immunization, in vivo depletion of CD8 ϩ T cells, or targeted gene knockout mice (35, 61, 63, 64, 93, 98) . Nevertheless, there is little doubt that CD8 ϩ T cells are induced following infection and there is solid evidence that chlamydiae-specific human and mouse CD8 ϩ T cells are cytotoxic for chlamydiae-infected targets in vitro (5, 27, 50, 51, 53, 86, 92, 93) . The explanation for this apparent paradox is not known. However, chlamydiae, like certain viruses (112) , have evolved strategies to circumvent recognition by cytotoxic T cells. The molecular basis for this resistance has been recently shown to involve a protease that is secreted by chlamydiae into the infected host cytosol (124) (125) (126) . The chlamydial protease specifically degrades host transcription factors RX1 and USF-1 that mediate the constitutive and the IFN-␥-inducible expression of MHC class I and class II molecules. This novel strategy may explain, at least in part, how chlamydiae evade the effector functions of cytolytic CD8 ϩ and CD4
ϩ T cells in vivo. Although cytotoxic CD8 ϩ T cells are inconsequential for protective immunity to chlamydial genital tract infection, some CD8 ϩ T cell clones and lines have been shown to confer a level of protective immunity to naïve mice (35, 93) . Protection in those studies, however, is rather modest and mediated by IFN-␥ rather than by cellular cytotoxicity (35, 53, 93) . Regardless of the mechanism, CD8 ϩ T cells are apparently neither sufficient nor necessary to confer optimum levels of protective immunity in the murine model of chlamydial genital infection.
Some observations suggest that antigen-specific cytotoxic CD8 ϩ T cells may contribute more to the pathogenesis of chlamydial infection than to protective immunity. For example, chlamydiae-specific T-cell-mediated cytolysis requires high lymphocyte-to-target cell ratios and lysis of infected targets occurs late in the chlamydial developmental cycle, at a time when the majority of organisms have differentiated into infectious EBs. That result is not satisfying in terms of a mechanism that would favor inhibition of intracellular growth and argues that cytolytic T cells could potentially contribute more to the pathology than to the eradication of infection. That possibility is supported by the observation that women expressing a particular HLA class I molecule, HLA-A31, are at significantly greater risk of developing chlamydial PID (52), indirectly implicating an immunopathogenetic role for CD8 ϩ T cells. Despite the apparent ability of chlamydiae to interfere with CD8 ϩ -T-cell-mediated cytotoxicity, the host has evolved highly effective adaptive immune mechanisms to combat and resist infection. Understanding the mechanisms that contribute to this highly effective adaptive immune response and devising methods to replicate it through vaccination are important goals of future research.
VACCINE PROSPECTIVES AND CHALLENGES
Based on the current understanding of immunity to chlamydial infection of the female murine genital tract and the assumption that results from the mouse model are applicable to human immunity, an immunogen capable of stimulating both protective CD4
ϩ Th1 and B-cell immunity is a highly desirable characteristic of an antichlamydial vaccine. Ideally, the basic requirement of such a vaccine is the induction of long-lived heterotypic immunity that provides coverage against the major C. trachomatis STD serovars (D, E, F, G, H, I, J, and K) and is targeted to the genital tract mucosae. To achieve that goal a more thorough understanding of the effector functions of CD4 ϩ T cells and B cells is needed. In particular, knowledge of the role of B cells in the generation and expansion of antigenspecific Th1 memory immunity and the identification of protective chlamydial antigens that are recognized by both CD4 ϩ T cells and B cells are essential.
To date there has been little progress in the identification of promising candidate vaccine antigens. The most studied antigen is the chlamydial MOMP (omp1). The MOMP is a predominant disulfide cross-linked surface protein and is an immunodominant B-cell antigen (31) . MOMP is also the primary serotyping antigen (16, 116) . Antibodies specific to MOMP neutralize infectivity by blocking chlamydial attachment to host cells (70, 72, 79, 122, 123) , suggesting a role for the protein as a chlamydial adhesin (103, 104) . The 40-kDa MOMP is characterized by four symmetrically spaced regions of amino acid variation termed variable domains (VDs) (3, 96) . The surfaceexposed VDs are the targets of serotyping and neutralizing antibodies (104, 122, 123) . The VDs are thought to exist as disulfide-stabilized loops on the surface of the organism that form conformationally important regions critical to the generation of domains that elicit high-affinity neutralizing antibody and mediate host cell interactions (122) . The MOMP has been the focus of many vaccination studies because of those important immunological properties and its implication in chlamydial pathogenesis. Recombinant MOMP, MOMP synthetic peptides, DNA vaccines encoding MOMP, and the passive transfer of MOMP-specific monoclonal antibodies have been evaluated for protective efficacy. All studies have yielded disappointing results since protective immunity either was not generated or was partial, at best (18, 25, 32, 36, 67, 70, 71, 79, 102, 120, 121) . The reason for the ineffectiveness of MOMP as a vaccine is not known, but it may result from adjuvants or delivery systems that ineffectively target genital tract mucosae or from use of MOMP immunogens that do not mimic the native structure of the protein (69) .
Stimulation of mucosal inductive sites in the lungs and the intestine has been proposed to confer an immune response common to many mucosal sites (58) . However, such a response has not been clearly established for the genital tract mucosae, a tissue that lacks the organized mucosal lymphoid structures found in the lungs and the gut (65) . Both systemic (vascular cellular adhesion molecule) and mucosal (mucosal addresin cellular adhesion molecule) lymphocyte homing molecules are expressed on chlamydiae-infected genital tract tissues (38, 49, 76) , but their role in the recruitment and retention of lymphocytes at the genital tract mucosae has not been defined. A better understanding of the immunology of the female genital tract and its relation to the systemic and mucosal immune systems will be key to the development of delivery systems that are capable of specifically targeting MOMP immunity to the genital tract mucosae. The immunogenicity of an effective MOMP vaccine may also depend on our ability to mimic the antigen processing and presentation pathways that occur in the context of a natural infection. Those immunological characteristics are likely key to ensuring an optimum protective recall immune response of appropriate antigen and lymphocyte specificity following natural rechallenge. Thus, the true potential of VOL. 70, 2002 70, MINIREVIEW 2747 MOMP as a sole vaccine target may await accomplishment of those achievements. Clearly, there is a need for studies to identify other potential protective antigens. The genomic sequence of C. trachomatis provides clues for the selection of new antigens, either structural or secreted, that might serve as experimental vaccine targets (87, 94, 95) . It is imperative that the evaluation of any vaccine target antigen be conducted in appropriate preclinical models of chlamydial genital tract infection, such as the murine model described herein.
Notable protective immunity against chlamydial genital tract infection has only been achieved through the use of adoptively transferred dendritic cells (DCs) pulsed ex vivo with inactivated chlamydial EBs (100). Immunization with ex vivo-pulsed DCs elicits both chlamydiae-specific antibodies and CD4 ϩ Th1 immune responses, and the level of protection generated is equivalent to that produced by primary infection. This unconventional vaccination approach is not applicable for use in humans, but the results demonstrate that active immunization with nonviable chlamydial organisms is feasible. The potent adjuvant properties and mucosal immunizing capabilities of DCs are likely too complex to be effectively mimicked by traditional vaccine approaches. However, antigen-pulsed DCs are an attractive and potentially very useful system for the delivery and screening of candidate chlamydial subunit or DNA-based vaccines.
Perhaps chlamydial infection of the genital mucosae represents a challenge that is too formidable for traditional vaccines because of the complex biology, antigenic structure, and mucosal immunity requirements of the parasite. Indeed, such complex requirements might be best met by attenuated chlamydial strains that colonize and infect epithelial cells of the urogenital tract (13, 101) . The potential usefulness of this approach has been demonstrated using temperature-sensitive mutants of C. psittaci for vaccination against ovine abortion (17, 89) . Major obstacles in generating and isolating attenuated C. trachomatis strains are the inability to genetically manipulate the organism and to isolate and propagate clonal lineages. Plaque cloning techniques have recently been developed and will facilitate the isolation of clonal lineages of chlamydiae (56) . However, genetic transformation systems for use with chlamydiae have not been developed. Advances in chlamydial genomics may provide the information necessary for the development of a chlamydial transformation system and may facilitate the generation and selection of attenuated chlamydial strains.
CONCLUSIONS
Chlamydial urogenital infections remain a public health problem. It has been proposed that the development of a vaccine to protect against chlamydial infection would have a profound impact on preventing the serious sequelae of chlamydial infections and reducing healthcare costs worldwide. We have discussed protective immunity as it develops in the mouse following chlamydial genital tract infection and why the mouse is an excellent model in which to study adaptive immunity to this intracellular pathogen and to test experimental vaccines. Recently, Brunham reviewed human immunity to chlamydial infection (11) . Apparent from that collection of literature are the parallels in disease processes and immune responses that develop following chlamydial infection of the mouse and human. Common to murine and human chlamydial genital tract infections are (i) the development of protective immunity, (ii) the histopathology, (iii) the importance of Th1 CD4 ϩ T cells in immunity, (iv) the induction of chlamydiae-reactive CD8 ϩ T cells following infection, but doubts about their role in vivo, and (v) the noted but as yet undefined role of B cells and antibody in protective immunity. These similarities in chlamydial pathogenesis and immunity strongly support the use of the murine model for immunity and vaccine studies. Successful vaccine development, however, will depend on research that extends the findings from the murine model to that of primate and human genital tract infection.
